Myotonic dystrophy (DM1), the most common muscular dystrophy in adults, is caused by an expanded (CTG) n tract in the 3¢ UTR of the gene encoding myotonic dystrophy protein kinase (DMPK) 1 , which results in nuclear entrapment of the 'toxic' mutant RNA and interacting RNA-binding proteins (such as MBNL1) in ribonuclear inclusions 2 . It is unclear if therapy aimed at eliminating the toxin would be beneficial. To address this, we generated transgenic mice expressing the DMPK 3¢ UTR as part of an inducible RNA transcript encoding green fluorescent protein (GFP). We were surprised to find that mice overexpressing a normal DMPK 3¢ UTR mRNA reproduced cardinal features of myotonic dystrophy, including myotonia, cardiac conduction abnormalities, histopathology and RNA splicing defects in the absence of detectable nuclear inclusions. However, we observed increased levels of CUG-binding protein (CUG-BP1) in skeletal muscle, as seen in individuals with DM1. Notably, these effects were reversible in both mature skeletal and cardiac muscles by silencing transgene expression. These results represent the first in vivo proof of principle for a therapeutic strategy for treatment of myotonic dystrophy by ablating or silencing expression of the toxic RNA molecules.
tract (n ¼ 75 to B11,000) in the first intron of ZNF9 (ref. 2) . Myoblast cell culture models 5, 6 and subsequently a transgenic mouse model 7 have provided strong evidence for the involvement of RNA containing expanded CUG repeat tracts in aspects of DM1 skeletal muscle pathology. However, there is no clear model of RNA toxicity in the heart, and instead it has been suggested that DM1 cardiac pathology may be due to misexpression of DMPK 8, 9 .
One potential therapeutic approach in DM1 is to get rid of the toxic RNA from cells. However, it is unclear if this will alleviate the effects of the disease. We used the tetracycline (Tet) inducible system with the reverse tetracycline transactivator (rtTA) to generate double transgenic mice harboring (i) a Tet-responsive, DMPK promoter 10,11 -driven transgene (named GFP-DMPK 3¢ UTR) expressing the DMPK 3¢ UTR mRNA as part of a GFP transcript, and (ii) a constitutively expressed rtTA transgene (Fig. 1a) . The transgene does not encode DMPK protein, allowing a clear delineation of the contribution of the DMPK 3¢ UTR mRNA to myotonic dystrophy pathophysiology when transgene expression is induced.
We created two sets of transgenic founder mice: six founders with the wild-type (CTG) 5 DMPK 3¢ UTR and nine founders with the mutant (CTG) 200 DMPK 3¢ UTR. Three founders for the (CTG) 200 and two for the (CTG) 5 transgenes (5-313 and 5-336) showed evidence of induced transgene expression as assessed by GFP fluorescence and/or RNA-FISH for DMPK 3¢ UTR (Fig. 1b) , RNA blotting ( Fig. 1c and Supplementary Fig. 1 online) and real time RT-PCR ( Supplementary Fig. 1 ). Notably, RNA blots of skeletal muscle RNA showed two major species due to alternative use of polyadenylation signals located at either the end of the DMPK 3¢ UTR or after the DMPK first intron ( Supplementary Fig. 1 ). The transgene expression levels were relatively low in the heterozygous (CTG) 200 mice (Fig. 1c) , resulting in a lack of phenotypic effects. We are in the process of generating homozygotes for further analysis. Nevertheless, we saw formation of RNA foci in all muscle lineages in the transgenic lines expressing the mutant DMPK 3¢ UTR RNA ( Supplementary Fig. 2 online), and we observed MBNL colocalization with the RNA foci ( Fig. 1d) analogous to results seen in individuals with DM1 (ref. 12).
However, neither RNA foci nor MBNL foci were evident in the (CTG) 5 mice (Fig. 1b,e) .
We were surprised to find, on repeated attempts, that the 5-336 transgenic mice (expressing the wild-type DMPK 3¢ UTR with (CTG) 5 ) died within 3 to 4 weeks (range, 5-22 days) after induction of transgene expression. Most mice were overtly normal in appearance and behavior, with lethargy and pallor 1 or 2 d before death. Given the sudden death, we suspected a cardiac problem. Therefore, we induced transgene expression with doxycycline in 20 mice and performed daily electromyography (EMG) tests for myotonia and electrocardiograms (ECGs) for cardiac conduction studies. First, all the mice developed profound myotonia, a hallmark of myotonic dystrophy, within 9 d, some as early as 2 d post-induction (Fig. 2a) . Subsequently, the mice had abnormal ECGs that progressed variably (2 d to 2 months) from a mild conduction abnormality (prolonged PR interval) to complete heart block and sudden death (Fig. 2b) . All but one mouse died within 2-3 weeks after induction. Other 5-336 mice (420 at the time this paper was written) in which the induction was stopped after 1 week (when they had both myotonia and first-or second-degree heart block) have lived for more than 2 months and some for more than 6 months. This lifespan is similar to 5-336 mice, in which transgene expression was not induced, which, owing to inherently leaky expression of the transgene (see Fig. 1c ), spontaneously develop myotonia and die by about 9 months because of progressive heart block and sudden death. The cardiac conduction abnormalities observed in these mice are exactly like those seen in up to 70% of individuals with DM1: namely, heart block and atrioventricular node dysfunction 13 . This is the first transgenic mouse model with cardiac conduction abnormalities clearly associated with the expression of the DMPK 3¢ UTR mRNA. The combination of myotonia and ECG abnormalities is seen only in myotonic dystrophy.
Myotonia in DM1 and DM2 is associated with reduced chloride channel (Clcn1, also known as Clc-1) expression and splicing abnormalities of Clcn1 mRNA 14, 15 . We found ClC-1 protein significantly reduced or absent from the muscle membranes in mice in which transgene expression was induced (Fig. 2a) . Furthermore, we performed RT-PCR for Clcn1 and Tnnt3 in our mice and uncovered splicing abnormalities (Fig. 2c ) similar to those in transgenic mice overexpressing CUG repeats 15 , in the Mbnl1DE3 knockout mouse 16 and in individuals with myotonic dystrophy [14] [15] [16] . Skeletal muscle histology also showed induction of central nuclei, nuclear clumping and fiber size variation as seen in individuals with DM1 (Fig. 2d) . Thus, mechanistically, the underlying basis for phenotypes in our mice seems to be analogous to that found in individuals with myotonic dystrophy. We also identified another line (5-313) with similar abnormalities. 5-313 mice in which transgene expression was not induced showed minimal expression of the GFP-DMPK 3¢ UTR transgene, were completely asymptomatic regardless of age (1 to 418 months) and developed myotonia and cardiac conduction abnormalities when expression was induced (n ¼ 20). All the mice developed robust myotonia within 3-4 weeks and subsequently varying degrees of heart block. Six mice died from higher-degree heart block. We stopped doxycycline administration in the remaining mice (n ¼ 14). Notably, in most mice (n ¼ 11), EMG myotonia was absent by 20 d, and in the others, we observed one or two runs of myotonia occasionally but not consistently. The absence of myotonia has persisted for at least five months after reversion, as of the writing of this paper. Molecular analyses of tissues from mice that reverted showed restoration of Clc1 staining in skeletal muscle (Fig. 3a) . We were even more surprised to find that the mice showed marked stabilization or even reversal of their cardiac conduction abnormalities (Fig. 3b) . This was particularly notable in the ten mice with first-degree heart block (1:1 ratio of atrial and ventricular contractions) in which the PR interval (a measure of cardiac conduction from the atria to the ventricle) was prolonged from a normal range of 0.025-0.035 s to 40.045 s. Of these mice, seven reverted to the normal range. The remainder with more severe heart block (second or third degree, in which the ratio of atrial to ventricular contractions is dissociated) did not revert to normal. Also, RNA splicing returned to more normal patterns for Clcn1 and Tnnt3 transcripts in skeletal muscle (Fig. 3c) , as did muscle histology (Fig. 3d) .
MBNL1 sequestration 12 and increased CUG-BP1 (refs. 17,18) ( Supplementary Fig. 3 online) have been observed in muscles from individuals with DM1. As noted earlier (Fig. 1b,e) , the mice do not form ribonuclear inclusions, nor do they show obvious sequestration of MBNL proteins. Furthermore, there were no changes in MBNL1 expression in skeletal muscle or heart tissues (Fig. 4) . However, we found increased CUG-BP1 in skeletal muscle, but not heart, in mice in which transgene expression was induced (Fig. 4 and Supplementary  Fig. 4 online) . Notably, we also did not find any obvious splicing abnormalities in the heart for previously reported targets 19 (data not shown). Furthermore, CUG-BP1 in mice that reverted tended to return to levels found in mice in which transgene expression was not induced, correlating with the correction of molecular and phenotypic defects in skeletal muscle (Fig. 4) .
A conundrum remains: it is still not clear why mice expressing a normal DMPK 3¢ UTR develop myotonic dystrophy. Two previous reports have recently suggested that RNAs with the normal DMPK 3¢ UTR may cause myotonic dystrophy-like effects 9, 20 . However, the phenotype in the first instance is negligible and, in the second instance, is reported in aged mice (410 months of age), and it is not clear whether the effects are due to DMPK or the DMPK mRNA. We compared transgene expression and found robust transgene RNA expression in our mice in which transgene expression was induced relative to other reported mouse models of DM 9,20,21 ( Supplementary  Fig. 5 online) . The effects of overexpression of many DMPK 3¢ UTR transcripts with only five CUGs in our mice may be pathogenically equivalent to expressing mutant transcripts with hundreds of CUGs. Clearly, the sequence elements required for toxicity and that induce higher CUG-BP1 levels exist within the normal transcript. Of note, although individuals with DM1 or DM2 and transgenic mice overexpressing CUG repeats have RNA-MBNL1 foci 12 , only individuals with DM1 have increased CUG-BP1 (ref. 22 ). The RNA foci in DM2 contain only the (CCUG) n RNA 23 , whereas in DM1 the entire processed mutant DMPK mRNA is present 3, 4 , suggesting that the context in which the (CUG) repeats reside (that is, the DMPK 3¢ UTR) is important with respect to induction of CUG-BP1. Although speculative, this may prove to be important in understanding differences between DM1 and DM2, such as congenital myotonic dystrophy, which is seen only in DM1. Given that expression of DMPK and concomitant RNA foci formation occurs from early fetal stages, it is notable that adult DM1 is such a late-onset disease. This could be related to developmentally regulated reductions in CUG-BP1 or MBNL1 (ref. 22) . CUG-BP1 is highly expressed in myoblasts and developing muscle and markedly reduced in postnatal skeletal muscle. Thus, DMPK 3¢ UTRinduced elevations in CUG-BP1 may be more consequential in adult muscle owing to the relative change in CUG-BP1 levels. Alternatively, it is possible that RNA foci formation is protective. Perhaps saturation of the RNA retention mechanisms in differentiated, post-mitotic tissues (due to reduced MBNL1 levels in adult tissues) eventually leads to RNA toxicity; that is, 'free' mutant DMPK transcripts are the toxins. The (CTG) 5 transcripts are not retained, so overexpression may represent an accelerated version of this process. Nevertheless, the present findings, our previous findings in a myoblast cell culture model 24 and, more recently, Drosophila melanogaster models 25 and a study showing that RNA foci formation and splicing defects are separable 26 highlight the need to reexamine the role of RNA-protein sequestration in myotonic dystrophy pathogenesis.
Alterations in the dynamic balance between MBNL1 and CUG-BP1 can affect the mutual antagonism of these two splicing factors on targets such as Clcn1 and Tnnt3 and may have a key role in the disease process 27 . In individuals with DM1, MBNL1 sequestration in foci and elevated CUG-BP1 presumably affect both arms of the balance ( Supplementary Fig. 6 online) . In (CTG) 5 mice in which expression of GFP-DMPK 3¢ UTR is induced, the elevated CUG-BP1 levels in the absence of MBNL1 changes still results in an imbalance, albeit one that affects only one side of the equation. This is analogous to results from the CUG-BP1 transgenic mouse 28 and the Mbnl1DE3 knockout mouse 16 , in which perturbations of only one (CUG-BP1) or the other (MBNL-1) protein results in DM1-like splicing defects and DM1 pathology. Therapeutic strategies aimed at addressing only one side of the balance (that is, correction of MBNL1 sequestration or decreasing CUG-BP1) may not be sufficient, as both these proteins may have other functions in addition to their roles as splicing factors 17 .
The fact that the course of the disease can be reversed both overtly and at the molecular level suggests that the toxic RNA functions as a reversible metabolic toxin. Furthermore, the experiments described here and the reversibility of the myotonic dystrophy phenotype provide proof of principle for therapeutic strategies aimed at silencing the expression of or destroying the mutant DMPK transcript.
METHODS
Transgenic mice. The GFP-DMPK 3¢ UTR transgene was driven by regulatory elements consisting of contiguous DNA starting from a BamHI site approximately 2.5 kb 5¢ of the start codon and extending to the end of the first intron of DMPK. We included the intron because it has been shown to act as a musclespecific enhancer that significantly increased the basal promoter activity 10 . These regulatory elements had also been used previously to generate a DMPK transgenic mouse and had been shown to emulate expression patterns of the endogenous mouse Dmpk gene 11 . Proximal to a putative transcriptional start site 29 , at an MfeI site, we inserted seven copies of the tetracycline responsive element (TRE). We then cloned an enhanced GFP (eGFP) gene modified to have a Kozak consensus start codon at the exact location of the start codon of the DMPK gene. After the eGFP stop codon, we cloned the human DMPK 3¢ UTR with either (CTG) 5 or (CTG) 4200 . We created double transgenic FVB mice using a second gene expressing the rtTA (reverse tetracycline transactivator) protein, driven by a CMV promoter (Clontech). Transgene expression was induced with 0.2% doxycycline in their drinking water.
EMGs and ECGs. We anesthetized mice with intraperitoneal valium (5 mg/kg body weight) and ketamine (100-150 mg/kg body weight) and kept them under a warming lamp during the entire procedure. Standard mouse anesthetics were cardiotoxic, especially in mice with preexisting conduction defects, and after extensive experimentation we settled on the valium and ketamine combination. We performed and scored EMGs as previously reported 7 . We performed three lead ECGs using a BioAmp/Powerlab from ADInstruments and collected data on a computer for later analysis. Mice revived in about 30-40 min without complications. All protocols were approved by institutional committees for animal care and use of the University of Virginia.
Histology, immunohistochemistry and RNA-FISH. We performed all microscopy using an Olympus IX 50 inverted microscope with fluorescent attachments and captured images with a CCD camera and presented them using Photoshop 5.5. Hematoxylin and eosin (H&E) staining was done using standard techniques. ClC-1 and MBNL1 immunohistochemistry and RNA-FISH were done as previously described 12 . Also, RNA-FISH using CY3-labeled oligonucleotides binding to DMPK 3¢ UTR sequences flanking the (CUG) n repeats did not show any ribonuclear inclusions in the (CTG) 5 mice. We performed ClC-1 immunofluorescence using an antibody from ADI (ClC11-A) at a 1:100 dilution (in PBS and 1% bovine serum albumin (BSA)). Secondary antibodies were from Molecular Probes and were used at 1:400 dilutions.
RNA analyses. We extracted total RNA from tissues collected in isopentane and flash-frozen in liquid nitrogen 30 . We performed RT-PCR for Clcn1 and Tnnt3 as described 16 . All RT-PCR products were cloned and their identity confirmed by DNA sequencing. All RNAs were treated with DNAse I (Ambion) and checked by PCR for beta-actin to ensure no DNA contamination before analysis. We probed RNA blots of 10 mg of total RNAs separated on 1% glyoxal gels with an equal mix of DMPK and Dmpk-3¢ UTR fragments or Gapdh using standard procedures. We scanned blots and quantified DMPK-3¢ Protein blotting. We made total protein extracts from frozen tissues using standard protocols in RIPA buffer (50 mM Tris-HCl, pH. 7.4; 150 mM NaCl; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS) and protease inhibitor (Roche). We used protein blots of 50 mg of total protein to detect CUG-BP1 using monoclonal antibody 3B1 (Upstate, cat.# 05-621) at a 1:4,000 dilution. We detected MBNL1 as previously described 16 . Glyceraldehyde phosphate dehydrogenase (GAPDH) levels were detected using a GAPDH antiserum (Ambion) and were used as a loading control. We used GFP antiserum (Invitrogen, cat.# R970-01) to detect transgene expression. Blots were scanned and relative protein expression was quantified using ImageQuant 5.1.
